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A B S T R A C T
Arsenic (iAs) and fluoride (F) are ubiquitous in the environment. All over the world, in many countries, thou-
sands of people are suffering from the toxic effects of arsenicals ad fluorides. These two elements are recognized
worldwide as the most serious inorganic contaminants in drinking water. When two different types of toxicants
are simultaneously going inside the human body they may function independently or can act as synergistic or an-
tagonistic to one another. Although there have been reports in literature of individual toxicity of iAs and F, how-
ever, not much is known about the effects following the combined exposure to the toxicants above mentioned.
In this work, we investigated the effect of the co-exposure to low levels of iAs/F through drinking water during
pregnancy and lactation on central nervous system functionality in the exposed rats offspring. Wistar rats were
exposed to one of these solutions: 0.05 mg/L iAs and 5 mg/L F (Concentration A) or 0.10 mg/L iAs and 10 mg/
L F (Concentration B) from gestational day 0 up to post-gestational day 21. Sensory-motor reflexes a Functional
Observational Battery and the locomotor activity in an open field were assessed in offspring. Additionally, the
transaminases, acethylcholinesterase and catalase levels in the striatum were determined to elucidate the possi-
ble molecular mechanisms involved in locomotor and neurobehavioral disorders. The results showed that iAs/F
exposition during development produces a delay reach the maturity of sensorimotor reflexes. A decrease in the
nociceptive reflex response, and increase in the locomotor activity in adult rats offspring were observed. The in-
crease in oxidative stress, the inhibition of transaminases enzymes and the inhibition of AChE in the striatum may
partially regulate all the neurobehavioral disorders observed.
1. Introduction
Inorganic arsenic (iAs) and fluoride (F) are ubiquitous in the nat-
ural environment. Several geographic aquifers in many areas are natu-
rally enriched with iAs and F because of similar geology. Arseniasis and
fluorosis owing to drinkable water with high concentrations of arsenic
and fluoride (iAs/F) prevails in some areas worldwide. In many coun-
tries, including Argentina, Bolivia, Chile, Colombia, Mexico, China, In-
dia, Japan and Korea an excess of iAs and F in the environment has been
reported (Gonzalez-Horta et al., 2015). It is interesting to see that
when these two elements enter the body simultaneously, they can inter-
act independently of each other, or in a synergistic or antagonistic way,
depending on the concentration of both elements in the water (Flora
et al., 2012). Arsenic and fluoride are able to cross the blood–brain
and placental barriers and both elements can be accumulated in the
brain (Bartos et al., 2015; Gumilar et al., 2015; Luo et al., 2009;
Xi et al., 2010). Low levels of iAs and F have been detected in
the breast milk of women. These low levels have also been associated
with adverse health effects on infants (Fangstrom et al., 2008; Sener
et al., 2007). The above mentioned findings suggest that iAs and F
may cause impairment on fetal and infant health. Epidemiological and
animal studies have shown that chronic arsenic or fluoride exposure
may damage intellectual function in children and cognitive functions in
rats offspring (Khan et al., 2015; Rodriguez et al., 2002; Wasser-
man et al., 2004). The individual neurotoxicity of iAs and F is well
reported. The neurotoxicity of arsenic exposure is well evidenced as it
is consumed via drinking water. It is important to consider that Flu-
oride is toxic if it is consumed in excess but it is also considered of
benefit to human health when it is consumed within the permissible
limit (0.7–1.5 mg/L). Low concentrations of both agents during devel-
opment, in concentrations slightly higher than those recommended by
the WHO, produce neurotoxicity (Gumilar et al., 2015, 2018; Bartos
et al., 2015, 2018, 2019). However, only few reports study the inter-
action between these two common water contaminants. Data on health
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effects are lacking or contradictory. Insufficient information about con-
nections between fluoride-arsenic co-exposure and neurobehavioral dis-
orders has been reported in the literature. Therefore, further research to
reveal the neurotoxic effects of fluoride-arsenic co-exposure is needed.
The central nervous system (CNS) is much more susceptible to toxic
agents in the early stages of growth and development. The embryonic
period in humans and rodents is extremely sensitive to chemical toxi-
city (Anderson et al., 2000). Increased exposures to trace elements
may result in undesirable consequences to human health, and as such,
the developing brains have seen to be a highly vulnerable target or-
gan (Grandjean et al., 2014). Several researchers suggest that arsenic
and fluorine perinatal exposure cause locomotion disorders. The stria-
tum is one of the areas that regulates the locomotor activity. The dorsal
striatum receives nigrostriatal dopaminergic projections from the sub-
stantia nigra pars compacta (SNpc), as well as glutamatergic projections
from several brain areas, including the somatosensory cortices, amyg-
dala, and hippocampus (Britt et al., 2012). This process indicates an
integration of dopaminergic and glutamatergic neurotransmissions in
the dorsal striatum. Moreover, it is important to consider that the stria-
tum is one of the areas in the brain with the highest concentration of
acetylcholine (ACh) and its associated enzymes choline acetyltransferase
(ChAT) and acetylcholinesterase (AChE). Acetylcholine coordinates the
neuronal networks of the brain cholinergic modulation area (Vathana
et al., 2014).
The underlying molecular mechanisms of iAs or F toxicity are not
fully understood, but generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) during metabolism is postulated as a
possible mechanism (Basha and Madhusudhan, 2010; Liu et al.,
2011; Rodriguez et al., 2010). Several previous studies revealed that
individual iAs or F exposure induces to excessive free radical oxygen
production and it may cause a biological activity decrease in some an-
tioxidants enzymes such as catalase (CAT) and glutathione peroxidase
(GPx). If antioxidant defenses are surpassed, iAs or F may also cause al-
terations at the transcriptional level in neurotransmission systems (Bar-
dullas et al., 2009; Xi et al., 2010).
We have recently shown that a low level exposure to iAs (0.05
and 0.1 mg/L) and to F (5 and 10 mg/L) during pregnancy and lac-
tation affects neither maternal weight gain during pregnancy nor ges-
tational length, litter size and pup body weight on different postnatal
days (PNDs). However, persistent sensory–motor changes were observed
in rats offspring exposed to iAs through maternal drinking water dur-
ing gestation and lactation. A delay in the development of the right-
ing reflex, cliff aversion and negative geotaxis was observed in offspring
whose dams had been exposed to 0.05 or 0.10 mg/L iAs concentrations.
We have also observed that offspring exposed to iAs during develop-
ment, showed less nociceptive response and hypoactivity compared to
the offspring control (Gumilar et al., 2015). Moreover, the exposure
to 0.10 mg/L iAs during this critical period produced a significant im-
pairment in the long-term memory (LTM) retention in adult female off-
spring. This cognitive alteration might be related to several events that
occur in the hippocampus: decrease in α7-nAChR expression, an increase
of glutamate levels that may produce excitotoxicity, and a decrease in
the antioxidant enzyme catalase (CAT) activity (Monaco et al., 2018).
It is hypothesized that F exposure during gestation and lactation may
cause structural alterations in the neuronal circuit which later presented
as functional deficits. We show that early exposition to 5 and 10 mg/
L F in drinking water during gestational and lactation produces a de-
lay in the eyes opening of the offspring. Exposure to low F concentra-
tions was also found to significantly decrease locomotor activity only
in 90-day-old male and female offspring. A low index of anxiety in the
young females and in all adult offsprings exposed to the two F concen-
trations tested was also detected (Bartos et al., 2015). Moreover, low
F concentrations administrated during gestation and lactation impairs
the memory of adult female offspring. This suggests that the mechanism
might be connected with an α7 nAChR deficit in the hippocampus, in-
duced by oxidative stress (Bartos et al., 2018).
Although developmental neurotoxicity of iAs or F in rats offspring by
transplacental and early life exposure in drinking water has been studied
(Bartos et al., 2015; Gumilar et al., 2015; Monaco et al., 2018; Xi
et al., 2009), there is little information about the teratogenic effects of
exposure to low levels of co-exposure to iAs/F during gestation and lac-
tation. Taking into account all the above mentioned, our hypothesis is
that the co-exposure to low concentrations of iAs/F during pre and post-
natal development may cause an imbalance of neurotransmitters levels
in the striatum, causing neurobehavioral alterations in adulthood. The
purpose of the present work was to study the effect of the co-exposure to
low levels of iAs/F during pregnancy and lactation on CNS functionality.
Wistar rats were exposed to concentration A: 0.05 mg/L iAs and 5 mg/
L F or concentration B: 0.10 mg/L iAs and 10 mg/L F during pregnancy
and lactation and nervous system functionality was analyzed. Neurobe-
havioral studies and neurochemical determinations in the striatum were
carried out to elucidate the possible mechanisms involved in the neu-
robehavioral disorders observed.
2. Materials and methods
2.1. Materials
Sodium arsenite (AsNaO2) was purchased from Sigma-Aldrich (St.
Louis, MO, USA) and protected from sunlight. Sodium fluoride (NaF)
was purchased from Anedra (San Fernando, Argentina).
2.2. Animals and experimental design
Parent animals were male and nulliparous female Wistar rats
(90–120 days old) obtained from the animal colony at the Bioterio of the
Departamento de Biología, Bioquímica y Farmacia, Universidad Nacional del
Sur, Bahía Blanca, Argentina. The rats were maintained under the fol-
lowing conditions: temperature (22° ± 1 °C) and humidity (50 %–60
%) in a 12 L:12D cycle (lights on at 7:00 h) and with food and water
ad libitum. The evening of the females’ proestrus day, male and female
rats were housed overnight in couples. The presence of spermatozoa in
the vaginal smears was registered as an index of pregnancy and was
referred to as gestational day (GD) 0. Pregnant females were weighed
and housed individually and were randomly assigned to one of the three
following groups: Control group, concentration A: group treated with
0.05 mg/L iAs and 5 mg/L F in drinking water, and concentration B:
group treated with 0.10 mg/L iAs and 10 mg/L F in drinking water. Ar-
senic and fluoride concentrations chosen in this work are approximately
5 and 10 times higher than those allowed by the WHO in drinking water.
These concentrations are present in groundwater in different parts of the
world. Sodium arsenite and sodium fluoride were dissolved in tap wa-
ter and were administered to pregnant rats from GD 0 to postgestational
day (PGD) 21. Control group received tap water. Bahía Blanca tap water
contains traces of iAs and F that do not interfere with the experimental
design (< 1 × 10 −4 mg/L iAs and < 0.5 mg/L F, respectively). Mater-
nal weight gain, water consumption and food intake were recorded at
different GDs as describe Gumilar et al., 2015.
The number of pregnant dams that delivered live litters was
n = 8–10 in the control group and exposed ones. Within 24 h after birth
litter size was determined and all pups were weighed. On postnatal day
(PND) 3, litter size was randomly maintained at five males and five
females whenever possible. The following date were registered: gesta-
tion length, litter size and body weight of pups on different PNDs as
describe Gumilar et al., 2015. On PND 21, pups were weaned and
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90. One male and female from each litter were used for the same be-
havioral test. In all experiments, the observer was blind to the treatment
conditions.
2.3. Sensory-motor development
Starting on PND 3, each pup was subjected to a battery of sen-
sory-motor developmental test. One trial test per day was given to the
pups on each test: righting reflex, cliff aversion, negative geotaxis and
eye and ear opening. The dependent variable analyzed for each test con-
sisted of the number of PND until each pup reached maturity of the re-
flex or condition according to the criteria listed below (Molina et al.,
1987).
2.3.1. Righting reflex
Each pup was placed on its back on a cloth-covered supporting sur-
face and allowed to right itself. This reflex was registered as mature if
the pup performed this response within 5 s on 2 consecutive days.
2.3.2. Cliff aversion
Each pup was placed with their forepaws on the edge of a wooden
platform and the snout protruded beyond the edge of the same platform.
Latency to retract their body 1.5 cm from the edge was registered. Cliff
aversion criterion was registered as mature when the pup performed this
response in less than 5 s on 2 consecutive days.
2.3.3. Negative geotaxis
Each pup was placed on an inclined wire mesh ramp (angle of incli-
nation from the base: 30°) with the head facing down. This reflex was
registered as mature when the pup reached a 180° rotation of the body
and climbing upwards was done within 10 s on 2 consecutive days.
2.3.4. Eye and ear opening
The PND on which both eyes and auditory canals were fully opened
was registered.
2.4. Functional observational battery
The 90-day-old offspring were used for this test. Functional ob-
servational battery (FOB) included a thorough description of the ani-
mals’ appearance, behavior and functional integrity (US EPA, 1998).
This was assessed through observations in the cage, in an open field
and through manipulative tests. Procedural details and scoring criteria
for FOB protocol have been published (McDaniel and Moser, 1993).
Briefly, measurements were first carried out in the home cage. The ob-
server recorded each animal’s posture, activity and palpebral closure.
The presence or absence of tremors and convulsions was noted and, if
present, described. The presence or absence of spontaneous vocaliza-
tions and biting was also noted. The observer then removed the animal,
rating the ease of removal and handling. The presence or absence of
hindlimb flexor resistance and pressure grade was also recorded. Palpe-
bral closure and any sign of lacrimation or salivation were rated. Other
abnormal clinical signs were also recorded. The animal was next placed
in FOB experimental arena having a piece of clean absorbent paper on
the surface. In the experimental arena, the rat gait score and any ab-
normal posture, unusual movements and stereotypies were ranked. Also,
the number of fecal boluses and urine pools and the presence or ab-
sence of diarrhea on the absorbent paper were recorded. Sensorial re-
sponses were subsequently ranked according to a variety of stimuli as
describe in detail in Gumilar et al., 2015. Also, several motor reflexes
were analyzed (flexor and extensor thrust reflexes, forelimb hopping,
propioceptive positioning). Forelimb and hindlimb extensions were reg-
istered in the gait analysis. Degree of surface and aerial righting was
subsequently rated. In landing foot splay, the tarsal joint pad of each
hindfoot was marked with ink and the animal was subsequently dropped
from a height of 30 cm onto a recording sheet. This procedure was re-
peated twice. The distance from center-to-center of the ink marks was
measured (cm) and the average of the two splay values was used for sta-
tistical analysis.
2.5. Open field observations
The open field test is an experimental test used to assay general lo-
comotor activity levels and is considered to be a test of nervous sys-
tem function. It reflects the integrated output of the sensory, motor and
associative processes of the nervous system in absence of systemic tox-
icity (Hubler et al., 2005). Locomotor activity was analyzed in an
open field. Each 90-day-old offspring was placed in an open field of
50 cm × 50 cm × 60 cm whose floor was divided into 12 cm × 12 cm
squares by black lines. The number of squares entered by each rat
with all four paws, rearings (occasions on which the animals stood on
their hind paws), groomings (face washing, forepaw licking and head
stroking) and fecal boluses were scored each 5 min for 15 min. The num-
ber of squares crossed and the rearings performed were recorded as pa-
rameters of locomotor activity, whereas the number of groomings and
the number of fecal boluses deposited were considered as parameters
of emotionality (Maimanee et al., 2003). After each animal was re-
moved, the open field was carefully cleaned with a cloth embedded with
10 % ethanol solution. The test was carried out in the same time slot to
avoid differences in the locomotor activity of the offspring.
2.6. Preparation of brain homogenates
Ninety-day-old offspring were sacrificed by decapitation. The stria-
tum was collected using the atlas of Paxinos and Watson as a guide for
tissue dissection (Paxinos and Watson, 2007). Striatum was homoge-
nized with disposable homogenization pestles in 10 volumes (1:10, w/v)
of ice-cold phosphate buffer saline (PBS; pH 7.4). The homogenate was
centrifuged at 4000xg and the resultant supernatants were kept at 4 °C
until the neurochemical determinations. A supernatant aliquot of each
sample was reserved for protein determination.
2.7. Neurochemical determinations
2.7.1. Glutamate transaminases activity
The activities of glutamate oxaloacetate transaminase (GOT), glu-
tamate pyruvate transaminase (GPT) were evaluated in striatum ho-
mogenates of PND90 offspring, by spectrophotometric methods (Shi-
madzu UV-1203, UV–vis spectrophotometer) using the corresponding
commercial kits of Wiener Lab. (Rosario, Argentina) following the man-
ufacturers’ indications.
2.7.2. Catalase (CAT) assay
Catalase activity of each brain samples were assayed following the
procedure of Aebi (Aebi, 1984), with a slight modification. The cata-
lase activity was measured by calculating the rate of degradation of hy-
drogen peroxide, the substrate of the enzyme. The enzyme activity was
expressed as the rate constant of a first-order reaction (k) related to the
protein content.
2.7.3. Acetylcholinesterase (AChE) determination
The activity of the enzyme AChE was determined following the Ell-
man’s method (Ellman et al., 1961). Briefly, an aliquot of each su-
pernatant was incubated with acetylthiocholine iodide (substrate) and
5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) for 10 min at 30 °C. Enzy-
matic reaction was stopped by addition of eserine solution and incuba-
tion at 0 °C for 10 min. The absorbance was measured at 420 nm. AChE
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concentrations of reduced glutathione, and expressed as micromole of
thiocholine generated per minute per milligram of protein.
2.7.4. Protein assay
The protein concentration of the supernatants was measured using
the method of (Bradford, 1976). Bovine serum albumin was used as a
standard.
2.8. Statistics
Data from dams and their litters were analyzed by one-way ANOVA.
Data of water consumption and food intake of dams as well as the
weight of dams and pups were analyzed by repeated-measure ANOVA.
Each sensory-motor development test was analyzed by a two-way
ANOVA followed by post hoc comparisons. FOB results were analyzed
according to the type of data. Continuous data (providing interval data)
were tested using a two-way ANOVA followed by post hoc comparisons.
The ranked data (ranks based on a defined scale) were analyzed using
Kruskal–Wallis nonparametric test followed by Mann–Whitney test. For
descriptive and binary data (the presence or absence of a sign), each ex-
perimental group was compared to the control group using a chi-square
test. Data obtained in 15 total minutes of observation in the Open Field
were analyzed using a two-way ANOVA followed by post hoc compar-
isons. For the comparative analysis of the parameters analyzed every
5 min, a repeated-measure ANOVA test was used. Neurochemical deter-
minations were analyzed using a two-way ANOVA followed by post hoc
comparisons.
Probability values lower than 0.05 were considered significant. All
statistical analyses were carried out using IBM SPSS 21.0 (Chicago, IL)
software for Windows.
2.9. Ethics
Animal care and handling were in accordance with the internation-
ally accepted standard Guide for the Care and Use of Laboratory Animals
(2011) as adopted and promulgated by the National Institute of Health.
Experimental designs were also approved by the local standard for pro-
tecting animal’s welfare, Institutional Committee for the Care and Use
of Experimental Animals of the Universidad Nacional del Sur (Protocol
Number 077/2018).
3. Results
3.1. Data from dams and their litters
Exposure to low levels of iAs/F combination during the prenatal pe-
riod and during the lactation affects neither maternal weight gain during
pregnancy nor the gestational length, the litter size and the pup body
weight on different PNDs (Fig. 1A and Table 1) as the same manner
that individual iAs or F exposure (Gumilar et al., 2015; Bartos et al.,
2015). No visible teratogenic malformation was observed in any of the
groups analyzed.
No statistically significant differences were observed in water and
food intake during pregnancy and lactation in the dams exposed to both
iAs/F concentrations, compared to the control group (Fig. 1B and C).
As shown in Fig. 1C, the increase in drink consumption during lacta-
tion was probably due to the increased fluid requirements of the lactat-
ing dams and water consumption from pups, particularly during the last
stage of the pre-weaning period. The same was observed with food in-
take (Fig. 1B).
3.2. Sensory-motor reflexes
When sensory-motor development tests were analyzed (Fig. 2),
two-way ANOVA detected significant differences between groups in the
righting reflex (F(2,54) = 4.91, p < 0.01). Post hoc comparisons showed
that exposure to A and B concentration produced a significant delay in
the development of the righting reflex in female rats (p < 0.01, in both
concentrations) while no significant differences were observed in the
male rats (Fig. 2A).
In the analysis of cliff aversion data differences between groups
was detected by two-way ANOVA (F(2,54) = 10.02, p < 0.001). Post hoc
comparisons showed that exposure to B concentration delayed the de-
velopment of this reflex in female rats (p < 0.02). On the other hand,
the delay in the acquisition of cliff aversion was observed in males ex-
posed to both concentrations (p < 0.01) (Fig. 2B).
When negative geotaxis was analyzed, two-way ANOVA also de-
tected significant differences between groups (F(2,54) = 9.91,
p < 0.001). Post hoc comparisons showed that female rats exposed to
both concentrations had a delayed maturation of the reflex (p < 0.01
and p < 0.02 for A and B concentrations, respectively). Furthermore,
the male offspring exposed to A concentration had a delay in acquiring
this reflex (p < 0.01) (Fig. 2C).
With respect to eye opening in offspring, two-way ANOVA revealed
significant differences between groups (F(2,54) = 16.26, p < 0.001).
Post hoc comparison showed that gestational and lactation exposure to
both iAs/F concentrations produced a significant delay in this parame-
ter in both sexes offspring (p < 0.01 for female and p < 0.05 for male
offspring exposed to A concentration, p < 0.05 for female and male off-
spring exposed to B concentration, respectively) Table 1. With respect
to ear opening, two-way ANOVA revealed significant differences be-
tween groups (F(2,54) = 34.09, p < 0.001). Post hoc comparison showed
that female and male offspring exposure to both iAs/F concentrations
produced a significant delay in the ear opening (p < 0.01 for A and B
concentrations, respectively) (Table 1).
3.3. Functional observational battery
Table 2 show the data obtained from the Functional Observational
Battery (FOB) test. According to a variety of stimuli, sensorial responses
were ranked. In tail pinch response, significant differences between
groups were observed in female (χ2(2) = 20.73, p < 0.001 and male
(χ2(2) = 14.76, p < 0.001) offspring. We observed that the groups
treated with both concentrations evidenced a lower response than that
of the respective control group (p < 0.01). No statistically significant
differences were observed in the other parameters analyzed in the FOB.
3.4. Open field
In open field observations (Fig. 3), the two-way ANOVA showed sig-
nificant differences between group (F(2,54) = 9.956, p < 0.001) in the
number of squares crossed by rats during 15 min. Post hoc comparisons
showed that rats of both sexes exposed to B concentration exhibited a
significant increase in squares crossed compared to the control group
(p < 0.002) (Fig. 3A).
When the number of squares crossed in each 5 min period was com-
pared, ANOVA for repeated measures showed significant differences
within group (F(2,54) = 200,56 p < 0.001). The number of squares
crossed in each period of 5 min was used to evaluate the habituation
of rats to the open field. All groups showed higher locomotor activity
during the first 5 min period and declined significantly in the second
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Fig. 1. A) Average of body weight on PND = 1, 4, 7, 10, 13, 16, 19 and 21 of female and male offspring. B) Food intake of dams during pregnancy and lactation. Record of body weight
and food intake was performed every 3 days. C) Water consumption of dams during pregnancy and lactation was recorded daily. All results are expressed as Mean ± SEM of 8-10 animals
per group.
significant decrease in their locomotion activity throughout the test ses-
sion indicated that all animals have habituated to the open field.
When the number of rearing was analyzed in the open field, two-way
ANOVA showed significant differences between groups (F(2,51) = 21.55
p < 0.001) and sexes (F(1,51) = 5.487 p < 0.02). Post hoc comparisons
showed that offspring exposed to both concentrations exhibited a sig-
nificant increase in number of rearings compared to the control group
(p < 0.002 for females and males offspring) (Fig. 3B).
The numbers of rearings in periods of 5 min was also analyzed to
evaluate habituation. ANOVA for repeated measured showed signifi-
cant differences within group (F(2,54) = 333,54 p < 0.001). All groups
showed higher rearing activity during the first 5 min period, and de-
clined in the second and in the third period (p < 0.01 for all compar
isons) (Fig. 3B). However, we can observe in each 5-minute period,
significant increases in the number of rearings in offspring exposed to
both concentrations, compared to the control. Analysis of the number of
groomings and fecal boluses, both considered as emotionality parame-
ters, revealed no statistically significant differences between the control
and experimental groups (data not shown).
3.5. Neurochemical determinations in striatum
3.5.1. Glutamate transaminases activity
To evaluate the glutamatergic pathway, we indirectly measured
transaminases levels in 90-day-old rats. As shown in Fig. 4, transam-
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Table 1
Data from mothers and their litters.
Control group A B
n = 8 n = 10 n = 9
Body weight of dams (g)
GD 0 276.3 ± 13.3 300.8 ± 28.7 299.8 ± 8.8
Weight gain (g)
GD 0−3 17.7 ± 4.2 9.25 ± 4.1 13.8 ± 2.2
GD 3−6 9.3 ± 3.5 8.5 ± 1.7 5.4 ± 1.6
GD 6−9 6.7 ± 3.9 7.2 ± 1.2 5.4 ± 1.5
GD 9−12 15.3 ± 4.2 17.5 ± 2.7 17.2 ± 2.6
GD 12−15 14.7 ± 1.9 16.7 ± 4.9 13.4 ± 2.1
GD 15−18 32.7 ± 8.1 28.5 ± 2.4 25.2 ± 2.0
GD 18−20 25.3 ± 6.9 27.0 ± 2.7 25.4 ± 3.1
GD 0−20 122.3 ± 192 1148 ± 8.0 105.8 ± 7.7
Length of gestation (days) 22.0 ± 0 22.0 ± 0 22.0 ± 0
Litter size
Female 4.3 ± 1.9 5.8 ± 1.0 4.2 ± 1.0
Male 6.3 ± 0.7 3.7 ± 0.6 3.6 ± 0.9
Total 10.7 ± 2.3 9.5 ± 1.2 7.8 ± 1.3
Eye Opening (days)
Female 13.2 ± 0.2 14.4 ± 0.3** 14.6 ± 0.2**
Male 13.5 ± 0.2 14.3 ± 0.4* 15.0 ± 0.2**
Ear Opening (days)
Female 11.2 ± 0.1 13.2 ± 0.3** 12.9 ± 0.3**
Male 11.2 ± 0.1 13.0 ± 0.3** 12.9 ± 0.3**
Weight PND 90 (g)
Female 280.3 ± 10.3 2625 ± 7.6 272.5 ± 7.6
Male 412.3 ± 18.7 408.2 ± 8.5 398.3 ± 7.7
Values are mean ± SEM. Gestational weights represent the pregnant rats that delivered
the live litters that were assessed in this study. *p < 0.05 and **p < 0.01 compared to
the control group.
treated groups were assessed. Two-way ANOVA showed significant dif-
ferences between groups (F(2,24) = 8,442, p < 0.001) and sexes
(F(1,24) = 15,949, p < 0.001) in GPT levels in striatum area. Post hoc
comparisons showed a significantly decrease in female offspring exposed
to A and B concentrations compared to female control group (p < 0.005
for A concentration and p < 0.05 for B concentration). No significant
differences were observed in GPT levels in the striatum of treated males.
With respect to GOT in striatum area, two-way ANOVA showed sig-
nificant differences between groups (F(2,24) = 7.638, p < 0.002) and
sexes (F(1,24) = 5.909, p < 0.02) and interaction (F(2,24) = 8.588,
p < 0.001). Post hoc comparisons showed a biphasic effect in female
offspring treated group. A significant decrease was observed in female
offspring exposed to A concentration (p < 0.005) and a significant in-
crease in female offspring exposed to B concentration (p < 0.05), com-
pared to the control group. In contrast, male offspring exposed to both
iAs/F concentrations, showed a significant decrease in striatum GOT lev-
els, compared to the control group (p < 0.05).
3.5.2. Catalase activity
In order to identify whether the neurobehavioral effects observed are
due to oxidative stress stimulated by co-exposure to iAs/F during the
gestational and lactation, we studied the catalase anti-oxidative enzyme
activity in the striatum of 90-day old rats offspring. Fig. 5 illustrates the
catalase activity in the striatum of the control and experimental groups
of adult offspring exposed to A and B concentrations during develop-
ment.
Two-way ANOVA showed a significant difference between groups
(F(2,24) = 26.45 p < 0.001), and sexes (F(1,24) = 12.086 p < 0.01). Post
hoc comparisons showed a significant decrease of CAT activity in stria-
tum area in female and male offspring exposed to both concentrations
(p < 0.01 for A and B concentrations) (Fig. 5).
3.5.3. Acetylcholinesterase level
To evaluate the activity of AChE, the levels in control and exposed
offspring on the striatum were studied. Two-way ANOVA showed a
significant differences between groups (F(2,24) = 21,995, p < 0.001).
Fig. 6 shows a decrease in the AChE levels in the offspring of both
sexes exposed to A and B concentrations compared to the control group
(p < 0.001).
4. Discussion
The present study shows that exposure to low levels of iAs/F com-
bination during the prenatal period and during the lactation affects nei-
ther maternal weight gain during pregnancy nor the gestational length,
the litter size and the pup body weight on different PNDs. However, per-
sistent sensory–motor changes were observed in rats offspring exposed
to iAs/F. Changes in the maturation of the sensory-motor reflexes, is
indicative of motor activity and sensory development, which are regu-
lated by the vestibular system and the cerebellum (Kreider and Blum-
berg, 2005). A delay in the development of the righting reflex was
observed in female offspring whose dams had been exposed to A and
B concentrations. With respect to cliff aversion reflex, a development
delay was observed only in female offspring exposed to B concentra-
tion. Another important found was that male offspring exposed to both
concentrations exhibited a delay in cliff aversion acquisition. Another
important found was that offspring exposed to A and B concentrations
showed a delay in the negative geotaxis reflex maturation. A develop-
ment delay may be an indicative of a myelination neuronal damage in
neuronal myelination (Wu et al., 2008). Our earlier research in rats
exposed during pregnancy and lactation, and exposed to low concen-
trations of these individual elements (0.05 or 0.10 mg / L of iAs) or
(5 or 10 mg/L F) pointed out that F does not affect the sensory-mo-
tor development of the offspring (Bartos et al., 2015). In contrast,
early iAs exposure delays righting reflex and cliff aversion in a simi-
lar manner to the co-exposure iAs/F (Gumilar et al., 2015). However,
we observe greater delay in the negative geotaxis reflex maturation in
iAs/F co-exposed offspring compared to the iAs exposed ones. We pro-
pose that the effect observed over these reflexes is due to the iAs expo
Fig. 2. Postnatal day on which the different groups acquire the reflex A) righting reflex, B) cliff aversion and C) negative geotaxis. Data represent the Mean ± SEM of PND of 10 animals
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Table 2
Parameters analyzed in the Functional Observational Battery test.






100 100 100 100 100 100
Activity (R) 1.00 1.00 1.00 1.00 1.00 1.00
Palpebral closure
(R)
1.00 1.00 1.00 1.00 1.00 1.00
Clonic
movements (D)
0 0 0 0 0 0
Tonic movements
(D)
0 0 0 0 0 0
Biting (D) 0 0 0 0 0 0





1.00 1.00 1.00 1.00 1.00 1.00
Ease of handling
(R)
1.00 1.00 1.00 1.00 1.00 1.00
Salivation (R) 1.00 1.00 1.00 1.00 1.00 1.00
Lacrimation (R) 1.00 1.00 1.00 1.00 1.00 1.00
Piloerection (B) 0 0 0 0 0 0
Normal fur
appearance (D)
100 100 100 100 100 100
Normal
respiration (D)




100 100 100 100 100 100
Normal limb tone
(D)




100 100 100 100 100 100
Limb grasping (B) 100 100 100 100 100 100
Open field
observations:
Normal gait (D) 100 100 100 100 100 100
Unusual
movements (D)
1.00 1.00 1.00 1.00 1.00 1.00
Stereotyped
behaviors (D)
1.00 1.00 1.00 1.00 1.00 1.00
Fecal boluses (C)
(N°)
0.8 0.7 0.7 1.5 2.8 1.3
Urine pools (C)
(N°)
0.20 0 0 2.30 1.50 2.00





2.00 2.00 2.00 2.00 2.00 2.00
Touch response
(R)
2.00 2.00 2.00 2.00 2.00 1.92
Click response
(R)
2.00 2.13 2.00 2.00 2.00 2.00
Tail pinch
response (R)
2.00 1.30** 1.00** 1.75 1.15** 1.11**
Palpebral reflex
(B)
100 100 100 100 100 100
Pinna reflex (B) 100 100 100 100 100 100
Eyeblink
response (B)
100 100 100 100 100 100
Motor reflexes:
Control A B Control A B
♀ ♂
Flexor reflex (B) 100 100 100 100 100 100
Extensor reflex
(B)
100 100 100 100 100 100
Forelimb hopping
(B)
100 100 100 100 100 100
Propioceptive
positioning (B)





100 100 100 100 100 100
Hindlimb
extension (B)
100 100 100 100 100 100
Surface righting
reflex (R)
1.00 1.00 1.00 1.00 1.00 1.00
Aerial righting
reflex (R)
1.00 1.00 1.00 1.00 1.00 1.00
Landing foot
splay (C) (cm)
5.83 4.28 5.13 5.60 5.41 6.91
Descriptive (D) and binary (B) data expressed as percentage of incidence (Chi-square test).
Ranked (R) data expressed as the mean score of the scale used (Kruskal-Wallis test).
Continuous (C) data expressed as mean value (Two-way ANOVA test).
♀: female rat; ♂: male rat. n = .9−10.
*p < 0.01 compared to control group.
sure, and that F would act as an enhancer. Regarding the negative geo-
taxis, we previously observed that male offspring exposed to 0.10 mg/L
iAs delays the maturation of this reflex (Gumilar et al., 2015). There-
fore, we may say that iAs/F co-exposure does not affect in the same way
as in iAs exposure. We observed that the iAs/F combination affects the
negative geotaxis acquisition in female offspring with both concentra-
tions. Therefore, we may propose that F increases the sensitivity of fe-
male offspring. Several metals, such as arsenic, cadmium, lead or cop-
per, can affect levels of free testosterone and estradiol ((De Craemer et
al., 2017; Nagata et al., 2005). Different levels of sex hormones result
in sex-specific variation in brain development. Studies have reported be-
havioral disorders and sex differences due to prenatal testosterone levels
(Rutter et al., 2003).
An important delay in the development of eye and ear opening was
detected in offspring whose mothers had been exposed to A and B con-
centrations, suggesting an asynchrony of maturation processes during
postnatal development. Previously, in our laboratory we demonstrated
that the iAs exposure during gestational and lactation at the same con-
centrations did not affect eyes and ears opening. In contrast, F exposure,
at the same concentrations and exposure period, significantly affected
eyes opening (Bartos et al., 2015). Therefore, we may conclude that
iAs act as enhancer to F, and that a new effect appears although it is not
observed when the offspring are exposed to individual elements.
FOB test showed in both female and males adult rats a low noci-
ceptive reflex response after exposure to iAs and to F concentrations
during gestation and lactation, thus it indicates a possible analgesic ef-
fect. No studies have been carried out up to date about the relation-
ships between iAs/F co-exposure and intensity of tissue inflammation
and related pain. Previously, we showed that exposure to 0.10 mg/L
iAs during the same period significantly decreases the nociceptive re-
flex in adult offspring of both sexes (Gumilar et al., 2015). There-
fore, we may observe that F acts as an enhancer to the effect produced
by iAs, since we observed the nociceptive effect with both concentra-
tions tested. The dorsal striatum is part of basal ganglia, a set of brain
structures controlling voluntary movements (Albin et al., 1989). Apart
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Fig. 3. Locomotor activity of female and male adult offspring rats exposed to A or B concentrations. A) Number of squares crossed in the open field recorded every 5 min for a total
of 15 min. B) Number of rearings made in each period from 5 min to15 min. The figure show how all groups decrease the locomotor activity compared to the firs 5 min, indicating
habituation. Data represent the Mean ± SEM. n = 10 animals per group. *p < 0.01, compared to the number of squares crossed and number of rearings made during the first 5 min;
**p < 0.002, compared to the respective control group.
Fig. 4. Transaminase levels in striatum from 90-day-old female and male offspring exposed to A or B concentrations. The values are shown as the means ± SEM of 5 animals per group.
*p < 0,05, **p < 0.005 compared to the control group.
Fig. 5. Activities of CAT in the striatum of adult female and male exposed to A or B con-
centrations. The values are shown as the Mean ± SEM of 5 animals per group. *p < 0.01
compared to the control group.
matosensory functions (Chudler, 1998). The dorsal striatum is acti-
vated by noxious stimulation (Coghill et al., 2003; Schneider and
Lidsky, 1981) and the electrical or chemical stimulation of the stria
Fig. 6. Activity of AChE (μmol thiocoline min−1 mg protein −1) in the striatum of adult
females and males exposed to A or B concentrations. Data represent the Mean ± SEM of 5
animals per group. *p < 0.001 compared with respective control group.
tum inhibits pain (Barcelo et al., 2012; Gear and Levine, 2009;
Nakamura et al., 2013). In fact, dorsal striatum is characterized by
a large concentration of opiates and cannabinoids (Van Waes et al.,
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Open field test showed that co-exposure to B concentration through
drinking water during gestation and lactation produce in 90-days off-
spring rats a significant increase in the horizontal locomotor activity.
Also, the same effect was observed in female and male offspring with
both concentrations in the vertical locomotor activity. Previously, we
demonstrated that female offspring exposed to both iAs concentration
(0.05 and 0.10 mg/L iAs) and male exposed to the highest iAs concen-
tration (0.10 mg/L iAs) during development presented a decrease in the
locomotor activity. The number of rearings was not affected by exposure
to both concentrations of iAs (Gumilar et al., 2015). In addition, we
observed a decrease of the locomotor activity in adult offspring exposed
to 5 and 10 mg/L F during the same exposure period (Bartos et al.,
2015). Therefore, we observed an antagonistic effect when mothers of
the offspring evaluated were exposed to the iAs/F combination. Know-
ing this behavior allows us to understand that toxic substances mixtures
do not always enhance or add to the effects of their individual elements.
New effects may appear. Mixtures can influence expected adverse health
effects because their components can individually attack the same or-
gans or, together, overwhelm a particular mechanism the body uses to
defend itself against toxic substances. Thus, mixtures can interact in the
body in such a way that the combined toxicity is more serious or differ-
ent than the individual toxicity (Calderon et al., 2003). Furthermore,
in the open field test, our control as well as our experimental groups
were found to habituate to new environments, thus confirming that the
concentrations used did not affect habituation. Habituation is believed
to be one of the most elementary forms of learning that involves the hip-
pocampus, where decreasing exploration as a function of repeated expo-
sure to the same environment is taken as an index of memory (Thiel et
al., 1999).
Both the striatum (caudate nucleus and putamen) and substantia ni-
gra are best known for their combined role in motor control. There are
extensive connections between the two areas and several chemical trans-
mitters are involved in their function. Also, the stimulation of striatum
inhibits pain. For this reason, we carry out neurochemical studies in
striatum brain area. We estimate the levels of catalase in the striatum of
offspring exposed early to iAs/F. Previously, we demonstrate that indi-
vidual iAs or F exposure during development at the same concentrations
used in this study has been shown to induce a significant decrease in the
antioxidant system in different brain areas in rats offspring (Bartos et
al., 2019, 2018; Monaco et al., 2018). In this work, we observed in
offspring exposed to both iAs/F concentrations a significant decrease of
catalase in striatum. Therefore, neurobehavioral disturbances observed
may be partially owing to the ROS formation in the striatum of the off-
spring exposed to low iAs/F concentrations during pregnancy and lacta-
tion. It is demonstrated that if antioxidant defenses are surpassed, iAs or
F may also cause alterations at the transcriptional level in neurotrans-
mission systems (Bardullas et al., 2009; Xi et al., 2010).
As regards the glutamate system, the enzymes glutamine synthetase,
GOT and GPT are involved in glutamate metabolism. Glutamate is the
main excitatory neurotransmitter in the CNS (Erecinska and Silver,
1990), and once released into the synaptic cleft, it must be rapidly re-
moved (Daikhin and Yudkoff, 2000). The excess of glutamate pro-
duced excitotoxicity, that is a pathologic process by which the brain
neurons are damaged and destroyed by the over activation of the gluta-
mate receptors (Leibowitz et al., 2012).
We assessed the activities of glutamate metabolism related enzymes
(GPT and GOT) in striatum. Our results showed that the activity of as-
partate aminotransferase was inhibited by both iAs/F concentrations in
the rat striatum of male offspring. In contrast, female offspring pre-
sent a non-linear relationship between dose and response. Several re-
searchers list nonlinear relationships in neurobehavioral studies as neu-
rochemicals studies (Bardullas et al., 2009). As for the GPT, we ob-
served a significant inhibition at both concentrations of iAs/F in fe
male, however, an inhibition was observed in males, but it was not sig-
nificant compared to the control. Astrocytes have a crucial role remov-
ing glutamate from the synaptic cleft and metabolizing it to glutamine, a
non-neuroexcitatory amino acid, which is then transferred back to neu-
rons to be converted back to glutamate (Danbolt, 2001). Alternatively,
glutamate could be oxidized to α-ketoglutarate by the transaminases
GOT and GPT (Daikhin and Yudkoff, 2000; Matthews et al., 2000).
Whether to follow one or another pathway it will depend on the extra-
cellular glutamate concentration. At low concentrations the glutamine
synthetase pathway is favored, but when the external glutamate concen-
tration is high, oxidative processes are recruited in order to prevent ex-
citotoxic damage (McKenna et al., 1996; Torres et al., 2013).The
glutamate excitotoxicity is one of the main factors for reactive oxygen
species generation in brain (Bai et al., 2016; Cattani et al., 2017;
Vishnoi et al., 2016). Latest clinical evidence has implicated gluta-
mate in Attention-deficit/hyperactivity disorder (ADHD). Imaging stud-
ies of children and adults with ADHD revealed increased levels of glu-
tamate/ glutamine in the striatum and in the prefrontal cortex (Drams-
dahl et al., 2011; Moore et al., 2007, 2006). Therefore, the hyper-
activity noted in open field test may be in part owing to the increase in
glutamate levels in striatum area.
The striatum is one of the brain areas an exceptionally high concen-
tration of (ACh) and its associated enzymes (Vathana et al., 2014).
Cholinergic systems of the forebrain are involved in various important
processes, such as attention, learning, memory and wakefulness–sleep
cycle (Inglis et al., 2001). Acetylcholine is considered to participate
in the conditioned choice mechanisms of motor activity (Sil’kis, 2004)
and in the regulation of motor behavior (Shapovalova, 2003). Enzyme
AChE ends the action of the neurotransmitter acetylcholine at the synap-
tic cleft by hydrolyzing it into acetic acid and choline (Thapa et al.,
2017). Hyperactivity is associated with a dysregulation of ACh function
in both the prefrontal cortex and and in the striatum (Viggiano, 2008).
The basal ganglia have a widely-known role in motor function, and part
of the mechanism underlying this role implicates a close interaction be-
tween striatal ACh and dopamine (DA) (Di Chiara et al., 1994). More-
over, these cholinergic dysfunctions may be associated with the impair-
ment in motor coordination as it was observed in sensory-motor reflexes.
Reduced AChE along the degeneration of cholinergic neurons have been
reported in iAs and F exposed rats. It has been reported that muscarinic
receptors mediate many central nervous system cholinergic function, in-
cluding locomotion (Takamatsu et al., 2006). Indeed, m1 mAChR is
abundantly expressed in the striatum (Hersch et al., 1994), and hy-
potheses have been proposed suggesting that m1 mAChR might play
an important role in the extrapyramidal locomotor function regulation
(Levey et al., 1991). It has been pointed out m1 mAChR deficiency
lead to elevated striatal dopaminergic transmission and significantly in-
crease locomotor activity (Gerber et al., 2001). Our results show that
AChE activity was significantly reduced in the striatum of female and
male offspring exposed to both A and B concentrations indicating an
increase in ACh levels. We propose that the increased ACh levels in
striatum may be down-regulating m1-AChR expression, increasing the
dopaminergic transmission and consequently the locomotor activity.
In recent years, it has been shown that iAs and F could produce epi-
genetic modifications that produce different adverse effects on human
health (Bjorklund et al., 2018; Daiwile et al., 2019). The epigenetic
components play a crucial role in the regulation of gene expression, in
both transcriptional and posttranscriptional levels. Changes in histone
post-traslational modifications, patterns of DNA methylation, and mi-
croRNAs have been repeatedly observed after iAs and F exposure in an-
imals and human studies. These modifications may alter the neuronal
homeostasis, resulting in the modulation of key neurotransmitter path-
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In conclusion, we found iAs/F exposition during development pro-
duce a delay in sensory-motor reflexes, decrease the nociceptive reflex
response, and increase the locomotor activity in adult rat offspring. All
these events may partially be regulated by the neurotransmission sys-
tems present in the striatum. The increase in oxidative stress, the inhibi-
tion of transaminases enzymes and the inhibition of AChE in this brain
area may partially regulate all the neurobehavioral disorders observed.
It is time to raise awareness about the exposure of iAs/F, especially preg-
nant women and children, since these elements could produce impor-
tant long-lasting disturbed in neuronal homeostasis through epigenetic
mechanisms.
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